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Abstract This work demonstrates the first example of a
fungal lactate dehydrogenase (LDH) expressed in yeast.
A L(+)-LDH gene, IdhA4, from the filamentous fungus
Rhizopus oryzae was modified to be expressed under
control of the Saccharomyces cerevisine adhl promoter
and terminator and then placed in a 2p-containing yeast-
replicating plasmid. The resulting construct, pLdhA68X,
was transformed and tested by fermentation analyses in
haploid and diploid yeast containing similar genetic
backgrounds. Both recombinant strains utilized 92 g
glucose/l in approximately 30 h. The diploid isolate ac-
cumulated approximately 40% more lactic acid with a
final concentration of 38 g lactic acid/l and a yield of
0.44 g lactic acid/g glucose. The optimal pH for lactic
acid production by the diploid strain was pH 5. LDH
activity in this strain remained relatively constant at
1.5 units/mg protein throughout the fermentation. The
majority of carbon was still diverted to the ethanol
fermentation pathway, as indicated by ethanol yields
between 0.25-0.33 g/g glucose. S. cerevisiae mutants
impaired in ethanol production were transformed with
pLdhA68X in an attempt to increase the lactic acid yield
by minimizing the conversion of pyruvate to ethanol
Mutants with diminished pyruvate decarboxylase activ-
ity and mutants with disrupted alcohol dehydrogenase
activity did result in transformants with diminished
ethanol production. However, the efficiency of lactic
acid production also decreased.
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Introduction

Lactic acid production has a global market in excess of
100,000 t/year [15] and predictions of increasing demand
are quickly becoming a reality. Much of this growth is
attributable to two emerging products, poly-lactic acid
for biodegradable plastics [14] and the environmentally
safe solvent ethyl lactate [23]. Both of these rely on lactic
acid as a renewable raw material. With this increased
demand and potential growth comes a greater interest in
finding more efficient methods to produce lactic acid.

Lactic acid is often manufactured using Lactobacillus
spp, which typically are fastidious in their growth re-
quirements and unable to produce significant lactic acid
below pH 4. The use of base or carbonates to maintain a
more neutral pH can lead to decreased product solu-
bility and requires further processing to regenerate the
acid from the lactate salt [16, 17]. Several laboratories
have attempted to develop genetically modified yeast
capable of producing lactic acid at lower pH. Sacchar-
omyces cerevisiae 1s generally considered a robust, acid-
tolerant microorganism that is well accepted in an in-
dustrial process. In S. cerevisice, the major flux of
pyruvate metabolism is to ethanol, by way of pyruvate
decarboxylase (PDC; EC 4.1.1.1) and alcohol dehy-
drogenase (ADH; EC 1.1.1.1). Providing an alternative
route for regenerating NAD™ through lactate dehy-
drogenase (LDH; E.C. 1.1.1.27), which catalyzes the
reduction of pyruvate to lactate, can theoretically
replace ethanolic fermentation. Dequin and Barre [6]
were the first to demonstrate that S. cerevisiae could
produce lactic acid with heterologous production of the
L. casei LDH. While 20% of the utilized glucose was
fermented to lactic acid, the majority of fermentation
product was still ethanol. Minimizing PDC activity
using pdc mutants was somewhat successful in reducing
ethanol and increasing lactate, although the yields and
productivities were still poor [1, 4, 18].

The goal of this research was to determine whether
expression of a fungal LDH, as opposed to a bacterial



LDH. might be a more effective strategy in a yeast sys-
tem. The cytoplasmic pH of S. cerevisiae is maintained
around neutrality during growth on glucose, even with a
low external pH [5]. This is in contrast to lactic acid
bacteria that often respond to low external pH by al-
lowing intracellular pH to decrease as low as pH 5 [20].
As such. bacterial LDH enzymes often have a lower pH
optimum than eukaryotic LDH and. therefore, may not
function as effectively in a yeast system. Furthermore,
bacterial LDH frequently require fructose 1,6-diphos-
phate for allosteric activation [11]. Expression of bovine
LDH has been evaluated n a yeast system with limited
success [1, 4, 18, 19]. Currently, the only confirmed /dh
gene isolated from a fungus is that from the L(+) lactic
acid-producing Rhizopus orvzae [21]. In this study. re-
sults are presented to show the effectiveness of express-
ing this gene under control of the S. cerevisiae adhl
promoter and terminator. Several different S. cerevisiae
strains and fermentation conditions were tested with this
modified plasmid.

Materials and methods

Strains and culture conditions

The yeast strains used in this study are listed in Table 1. Growth in
defined medium was with 6.7 g veast nitrogen base (YNB)/1 without
amino acids (Difco/Becton Dickinson. Sparks. Md.). All minimal
media contained the complete amino acid supplemental mixture,
CSM-minus uracil (Biol01, Carlsbad, Calif.) at the recommended
concentration of 0.78 g/l. Carbon sources for defined medium were
5 g glucose/l or 30 g ethanol plus 30 g glvcerol/l, respectively des-
ignated YNB-D and YNB-EG. Yeast cultures transformed
according to the protocol described by Gietz and Woods [12] were
selected and maintained on YNB-D. All growth was at 30 °C.

Construction of LdhA expression vector

A 962-bp ldhd gene fragment [21] was altered by PCR amplification
to introduce a BamHI site adjacent to the ATG start codon. The
modified sequence was 5-ggarccATGGTA-3 (the BamHI site is in
italics). An dccl site, 39 bp do“nstream of the TGA stop codon,
was chosen as the terminal 3" end of the gene. The Accl site was
blunted by 5—3" T4 polymerase prior to hgatlon Through subse-
quent subcloning, polylinker sequence was added to the 3" end, such
that the downstream sequence was 5-gratGATCCGCATGCGA-
GCTCGGTACCCCGGGTCGACergeag-3" with the grar nucleo-
tides representing the filled-in Acel overhang and the crgeag
nucleotides being a Psi1 site used for excising the /dhA fragment.
The BamH1/Psil ldhA fragment was cloned into the yeast ex-
pression plasmid pVTI102-U [22], using the corresponding restric-
tion sites found in the vector polvlinker region. This vector
contains the S. cerevisiae adh! promoter and transcription termi-
nation sequence flanking the coding region. but does not possess an

Table 1 Strains of Saccharomyces cerevisiae used in this study
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ATG start codon. Therefore, translation should initiate at the ATG
from the R. orvzae ldhA, resulting in no change from the native
amino acid sequence. The pVT102-U vector also contains the yeast
2u origin of replication and wra3 for selection on uracil-deficient
medium. All constructs were sequenced to confirm that no muta-
tions had occurred during amplification.

Fermentation studies

Fermentations were performed in 500-ml bioreactors constructed
similarly to those described by Beall et al. [3]. Seed cultures were
prepared in 250-m! baffled flasks containing 30 ml YNB-D or
YNB-EG and were shaken for 18 h. The fermentation vessels,
having a working volume of 300 ml. were then inoculated with 3%
v/v of this seed. The fermentation media used in this study were
YNB-D, ddjusted to approximately 90 g glucose/l, or YPD (10 g
veast extract/l, 20 g peptone 1. 90 g glucose/). Each medium was
>upplemented \\1th 0.1 ml Antifoam-289/1 (Sigma, St. Louis. Mo.)
at the time of inoculation. Cultures were mixed with 25 mm mag-
netic stirrers at 300 rpm and the pH was maintained at 5.5, unless
specified otherwise, by automatic addition of 5 M NaOH. Cultures
typically were not aerated unless specifically described.

Fermentations in a Biostat B (B. Braun Biotech. Allentown,
Pa.) were performed with a working volume of 1.2 1. Seed cultures
were prepared and used for inoculation as before, except with YPD
medium. After addition of antifoam. cultures were agitated at
630 rpm and aerated with sterile compressed air at § I'min. A
mixture of equal volumes of 2.5 M NaOH and 2.5 M KOH was
used to maintain pH 5.5. Dissolved oxygen was measured as per-
cent saturation using a pO- electrode (model 341003037 Ingold,
Columbus. Ohio). Probes were calibrated with uninoculated me-
dium sparged with air for the 100% saturation and sparged with
nitrogen (purity >99.99%) for the 0% saturation.

Analytical procedures

Lactic acid, glycerol and glucose concentrations in the medium
were analyzed by HPLC, using an HPX-87H column (Bio-Rad
Laboratories) and a differential refractometer (model 410; Waters,
Milford. Mass.). Concentrations of ethanol were determined by gas
chromatography. using a flame ionization detector and a Porapak
Q column (Supelco. Bellefonte, Pa.). At the end of the fermentation
phase when glucose was completely consumed, yields were calcu-
lated by determining the total amount of accumulated product per
amount of starting sugar. The product vield incorporated changes
in volume due to the addition of base for pH control. The total
product vield represented a carbon balance that incorporated all of
the detected products and biomass production. Cellular dry weight
estimates were obtained from optical densities at 600 nm (data not
shown). Additionally. carbon dioxide production from ethanol
fermentation was assumed to be 0.49 g carbon dioxide for each
0.51 g ethanol formed.

For the measurement of LDH activity, protein extracts were
prepared in LDH extraction buffer (0.1 M Mops, pH 7.2, 10%
glycerol. 1 mM dithiothreitol). to maintain protein stability. Yeasts
were homogenized using a FastPrep System (Biol01, Vista, Calif))
with 0.5-mm zirconia-silica beads and then centrifuged at 13,800 g
for 15 min at 4 °C. LDH activities were assaved at 32 °C b\
measuring the first-order change in absorbance at 340 nm resulting

Strain Genotype Source Reference
Day4 Haploid: wra3-32, wpl. leu2, his4, serl D.R. Appling (University of Texas, Austin, Tex.) [2}
InvScl Diploid: Marz, his3Al, leu2, 1rpl-289. ura3-32 Invitrogen Corp. (San Diego, Calif.)

YSH 4.123.-1C Haploid: Marz, leu2-3/112, 111)1 -92, ura3-3
Adhl Haploid: Marz, canl-100, ade2-1, [ys2-1, ura3-32,
leu2-3/112, trpl-A901, adhi-0

2. pdci-14 S. Hohman (Goteborg Um\ersm Goteborg, Sweden) [8]

M. Grey (Institut fur Mlkroblologle Frankfurt am
Main, Germany)

(13]
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from the oxidation of NADH after initiating the reaction by the
addition of sodium pyruvate to a final concentration of 4 mM. All
protein concentrations were adjusted to ensure that the change in
absorbance followed first-order kinetics for a minimum of 3-5 min.
Assays were performed in triplicate and 1 unit of activity was de-
fined as the amount of enzyme necessary to convert | pmol NADH
to NAD ™ in | min. Protein concentrations were determined using
a protein assay kit (BioRad. Hercules, Calif.).

Results and discussion
Lactic acid production in haploid and diploid strains

S. cerevisiae strains Day4 and InvScl were each trans-
formed with plasmids pVT102 and pLdhA68X. The
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Fig. 1 Accumulation of lactic acid and ethanol by modified strains
of Saccharomyces cerevisiaze in YPD (yeast extract/peptone/
glucose) medium containing 92 g glucose/l. /i Hours, L liter

genotypes of these strains were very similar, except Day4
was a haploid isolate and contained a ser/ mutation. S.
cerevisiae InvScl grew more rapidly and was expected to
be better suited for fermentation applications. Inocula
were grown in YNB supplemented with ethanol and
glycerol, to minimize expression of the /diid gene prior
to initiating the fermentation.

Strains transformed with pLdhA68X produced lactic
acid, while none was detected by control strains that
were transformed with the vector pVTI102-U (Fig. 1).
The accumulation of ethanol paralleled lactic acid pro-
duction. This was expected, since expression of the /dhA
is controlled by the S. cerevisiae adhl promoter. All of
the strains utilized the initial 92 g glucose/l within 30.5 h
of transfer to YPD medium. The diploid InvScl cultures
accumulated approximately 40% more lactic acid and
27% less ethanol than the haploid Day4 strain. Cultures
containing plasmid pLdhA68X appeared to produce
lactic acid at the expense of ethanol, as demonstrated by
the decrease in ethanol yield and increase in lactic acid
production (Table 2). Ethanol vields for the Day4 and
InvScl strains transformed with vector pVT102 were
near-theoretical, which is 0.51 g ethanol/g glucose. The
shift from ethanol to lactic acid production demon-
strates that R. orvzae LDH is effective in competing with
PDC for the available pyruvate pool.

Effects of aeration. pH and medinm composition
on lactic acid production

Aerating cultures decreased lactic acid and ethanol ac-
cumulation by approximately 10-20% (data not shown).
Therefore. fermentations in this study were performed
without aeration. It was presumed that cultures were
primarily anaerobic during the production phase, since
the ethanol fermentation resulted in significant forma-
tion of carbon dioxide.

S. cerevisiae InvScl (pLdhA68X) was chosen for
further optimization, since it performed better than the
Day4 strain in preliminary studies. Fermentations to
determine optimal pH were performed as before, except
seed cultures were grown in YNB-D. The pH set-points
for the YPD fermentation medium were maintained at
several different values, from pH 3.5 to pH 6.0 (Fig. 2).
Glucose was completely utilized in all of the fermentors
by 32 h. The rate of lactic acid production for each of
the tested pH values was similar, except for pH 3.5 and

Table 2 Accumulation of fermentation products by strains of S. cerevisiae. Measurements were obtained 30.5 h after starting fermen-
tation. The lactic acid vield is for medium supplemented with 92 g glucose/l. Total product vield includes estimated CO; (see Materials

and methods)

Strain Maximum lactic Yield lactic Yield Yield glyvcerol Total product
acid (g/1) acid (g/g) ethanol (g/g) (g/®) vield (g/g)

Day4 (pVT102) 0.0 0.0 0.501 0.069 1.09

Day4 (pLdhA68X) 27.0 0.308 0.330 0.062 1.04

InvScl (pVT102) 0.0 0.0 0.474 0.075 1.04

InvScl (pLdhA68X) 38.0 0.445 0.255 0.058 1.02
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Fig. 2 Accumulation of lactic acid and ethanol by S. cerevisiae
InvScl (pLdhA68X) in YPD medium containing 92 g glucose/l
maintained at varying pHs

pH 4.0. The pK of lactic acid is 3.8, so it i1s not sur-
prising that some inhibition occurred at the lower pH
values. The maximum accumulation of lactic acid oc-
curred in fermentations performed at pH 5.0, with yields
greater than 0.4 g lactic acid/g glucose (Table 3). De-
creasing pH also resulted in increased ethanol yield and
decreased glycerol yield.

The strain was next tested in a minimal medium,
which would ensure that the auxotrophic selection for
plasmid pl.dhA68X was continuous throughout the
fermentation. Inocula were grown in YNB-D medium
and transferred to either YNB-D or YPD. Rates of
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glucose utilization and lactic acid productivity were
greater in YPD medium (Fig. 3). Fermentations were
completed in 31 h, compared to approximately 30 h for
the minimal medium. Lactic acid yields were approxi-
mately 50% higher with YPD than with the minimal
medium. while there was not much difference in ethanol
production. The apparent carbon loss for strains grown
in minimal medium was primarily due to increased
glycerol production, which was approximately 27%
higher in YNB-D (data not shown).

LDH activity was tested throughout the experiment to
determine whether the difference in lactic acid produc-
tion was associated with varying levels of LdhA expres-
sion. Activity was approximately 1.5 units/mg protein
from cells harvested from either YNB-D or YPD.
Furthermore, levels of LDH activity remained relatively
constant throughout the experiment. These data suggest
that plasmid loss during fermentation in YPD is not a
significant factor.

Lactic acid production by S. cerevisiae impaired
in ethanol production

Plasmid pL.dhA68X was transformed into pde mutant S.
cerevisiaze YSH 4.123.-1C, in an attempt to divert more
carbon to lactic acid. This strain contains a pdcl-14
mutation that results in production of approximately
2% of wild-type PDC activity [8]. Some PDC activity is
necessary., because the acetaldehyde produced from the
PDC conversion is required for acetyl-CoA production
[9. 10]. Seed cultures for transfer to YPD fermentation
medium were grown in YNB-EG because there were
uncertainties regarding the stability of the transformed
strain in glucose. The rate of glucose utilization was
markedly slower and fermentations resulted in slightly
less lactic and ethanol production than that obtained
with previous strains (Fig. 4). The reduced efficiency of
fermentation may be a result of insufficient acetyl-CoA
or possibly an inability of the R. oryzae LdhA to re-
generate cytoplasmic NAD ™ at a sufficient rate.

A 5. cerevisite ADH mutant was also tested in
hopes that it would minimize ethanol production, while
still allowing acetyl-CoA to be synthesized from acet-
aldehyde. Plasmid pLdhA68X was transformed into
S. cerevisiae Adhl, a null mutant with a /iis3 replace-

Table 3 Accumulation of fermentation products by S. cerevisiae InvScl (pLdhA68X) at different pHs. Measurements were obtained 30 h
after starting fermentation with 92 g glucose/l. The lactic acid yield is for medium supplemented with 92 g glucose/l. Total product vield

includes estimated CO, (see Materials and methods)

pH Maximum lactic Yield lactic Yield ethanol Yield glvcerol Total product
acid (g/1) acid (g/g) (g/g) (g/g) vield (g/g
35 29.2 0.319 0.327 0.027 1.01
4.0 30.4 0.338 0.315 0.028 1.01
4.5 31.4 0.360 0.298 0.031 1.00
5.0 349 0.432 0.290 0.035 1.06
3.5 336 0.404 0.278 0.037 1.01
6.0 323 0.398 0.279 0.042 1.01
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Fig. 4 Fermentation by the S. cerevisiae pde mutant (pLdhA68X)
in YPD medium

ment of adhl [13]. The seed culture for fermentation
was YPD, since growth in YNB was very poor, re-
gardless of the carbon source. Initial fermentations
failed when the inoculum was unable to grow in the
fermentors. It was thought that perhaps acetaldehyde
was accumulating to toxic levels, as a result of the
adhl mutation, thus preventing further growth. Aera-
tion of the fermentors allowed some additional growth
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Fig. 5 Fermentation by the S. cerevisiae adh-0 mutant (pLdhA68X)
in YPD medium

and lactic acid production, but fermentations were still
unable to utilize all of the available glucose. Fermen-
tations were finally repeated using a Braun bioreactor,
which allowed for better aeration. We did not expect to
suppress the alcoholic fermentation pathway, but
hoped that increased oxygen availability would reduce
the accumulation of acetaldehyde by accelerating the
conversion to acetyl-CoA.

Fermentations with the increased aeration and stir-
ring were such that dissolved oxygen was maintained at
approximately 85% saturation. Under these conditions,
strains were able to utilize all of the available glucose
within 67 h (Fig. 5) and accumulated lactic acid to levels
approximately 50% of that seen in S. cerevisiae InvScl
(pLdhA68X) fermentations. Some ethanol was still
produced during the fermentation, even though the adhl
was disrupted. This was expected., since strains of
S. cerevisiae deficient in functional Adhl. Adh2. Adh3
and Adh4 are still able to form ethanol. as a result of
mitochondrial-pathway enzymes [7]. Interestingly. the
majority of the carbon flux resulted in glycerol produc-
tion with a yield of approximately 0.39 g glycerol/g
glucose. Production of excess glycerol by ADH mutants
was also observed by Wills and Phelps [24]. who pro-
posed that the glycerol 3-phosphate shuttle allowed
regeneration of cytoplasmic NAD ©. The excess glycerol
production seems to suggest that the LDH activity is not
sufficiently meeting the cellular demand for NAD™ in
this strain.

This is the first demonstration of a fungal LDH ex-
pressed in yeast. Expression of the R. orvzae LdhA
protein resulted in production of lactic acid by recom-
binant S. cerevisiae strains, although ethanol still con-
tinued to be the predominant fermentation product. The
best strain was able to accumulate up to 38 g lactic acid/]
with a yield of 0.44 g lactic acid/g glucose. Fermenta-
tions could be performed at pH values down to pH 3.3,
but lactic acid productivity was highest around pH 5.0.
Ethanol formation was minimized with the use of pdc or
adh mutants. However, the efficiency of lactic acid pro-
duction was also reduced in these strains. The rate and



yield of lactic acid produced by our strains was com-
parable with that obtained in other laboratories. Thus, it
appears that there is no significant advantage of using a
fungal LDH. compared with genes derived from bacte-
rial or bovine sources.
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